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The Decaying Dark Matter (DDM) scenario is a viable way of ioniziry the Universe at 

high redshifts. we examine the constraints OIL this scenario due to the diEuse ultraviolet 

flux and Gunn-Peterson tests. The former require the decaying particle lifetime to be 

greater than * 10” see, while the latter require the lifetime to be less than w 10s’ sec. 

An order of magnitude impmmm ent in either of these observations would therefore have 

important implications for DDM. We also point out a distinctive signature of DDM: a 

sharp drop in the infrared part of the spectrum. 
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Introduction. Two unresolved problems in the standard cosmological model are the identity 
of the dark m&&r aud the apparent reionization of neutral hydrogen in the intergalactic- 
medium @GM). Gunn-Petersoa tests show that the amount of dif!& neutr@ hydrogenin 
the IGM is sign&a&y lower than the standard model prediction. As azt: aaarpk,, the 
limit imposed by Steidel and Sargent [l] on the intergalactic hydrogen density is T&J < 
8.4 x 1O’12!z cm-) at a redshift t = 2.64. Here h is the Hubble constant today in unit6 . 
of 100 km set-1 Mpe-’ and lies between .4 and 1. The standard model pr+ction for the 
hydrogen de&ity at this redshift is roughly 7 x 10-O cmm3, violating the S&id&Sargent 
limit by six orders of magnitude. 

An intriguing poesibiity is that a massive neutrino could be both the dark matter 
w4ic4 closes the universe and, if the lifetime for the process yha8vY + ytiw.+ 7 is in the 
right range, be the source of radiation which reionizxs hydrogen [2j. It is easy to e&m&e 
the properties the nemtrim must have in o&r to SU both those x&s, i.e. to’ brr.+caqri$g 
dark matter (DDM). First, we require that the photons produced in decays-mu&e-able 
to ionize neutral hydrogen; that is they must have energy greater than ~0 = 13.@eV;, Since 
every photon carries off energy equal to hulf the decaying neutrino mass [during+& late 
epoch under consideration, the neutrinos are very non-relativistic], this tra ihto a 
lower bound on the neutrino mass: m,, > 27.2 eV. Second, a well-known:.:upper boirna 
[3] on tht neutrino mass [4]. @lows fram the age of the Universe pnd the oherd energy 
density today. Fcmt the 6fb of co&eteness, we take this hmit, .to be me .< ti,g eV 151 
Third, since the peutrino must be md today to be the +k m&r, i&m .znust 
be greater tlmn ts, the age of the U&erst. Finally, since most of the hydrog&in the 
IGM has been ionized, at Iem+ as m+xy photons must have been produce$in decz~ys& 
there are hydrogen atoms in the XGM, n&o). The number of photons pr~&ced’~m sutb 
decays is ny(ta)ts/r, where rr, ‘is the neutrino number density and Y is tli+ hf&ime &to 
the radiati& mode [w the dominant one]. Therefore* the lifetime must be Iess t;ti 
tOnB(ttJ)/n&), rooghlg lb2’. (ccc. 

,. 

In this letter we &OW t4+ the DDM scenario is severely constrained by the diffuse 
photon &rx, lo, and by G&n-Peterson tads. The obgcrvafionat upper limits on 16 require 
1‘ to be gree&- th -, l@ see. Even though most of the hydrogen is. ionized in the 
DDM scenariof&li%imes &s than 1O26 see, we show that recombination loirils to s. men- 
neglible levgloef neutral EyEfragep. IQ fact, the strictest Gunn-Peterson constrs,ints require 
r to be less man l@ ircbe,) ‘l?k&ke, an or&z of magnitude im m: g.&& &&&g 

these obserrations WB!Y 6. out- the DDM scenario. Tb purely ‘cosm&gic+’ &r&$ 
are not related, to these recez&y diseusscd by Sciamu and collaborators &: w -b&. 
pointed out that if we require the DDM to also provide the flux needed to i$&e hyd&gen 
in our gahuy and in &man a c8oud6, then only a very narrow region in p-er space’ ‘- 
is allowed. 

We &xo point out a distinctive sign&rue of DDM. In the absence of any ~$Yh+iun r&t, 
to ionization, the ape&rum coming f&n a decaying particle is smoothed.,*t. today .d~e- 
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to the redshift, Low energy photons were produced earlier while higher energy photons 
were produced more rcccntly. Absorbtion changes this: Before the Uni~crsc is ionized aU 
photons prod&& in decays ar6 ‘eutcn up in the ionization process; that is, the Universe 
is opaque to them. After ionization is complete, photons produced in decays ttcvcl kcly. 
Therefore, the low cncrgy end of the photon spectrum is cut off. If the transition from the 
un-ionized to the ionized state [i.e. the opaque to the transparent ‘rcgimc] is rapid, and 
our results show that it is very rapid, then the cut-off in the photon fiux today is similarly 
pronouuced. 
Neutral Hydrogen Density. The Gunn-Peterson tests are so restrictive that even if DDM 
manages to ionize most of the intergalactic hydrogen, the small remaining un-ionized com- 
poncnt might violate the tests. To compare the predictions of the DDM scenario with 
observ&ions, it is there&xc important to know the predicted value of the neutral hydro- 
gen density cz a iimction of redshift, nwr(t). During 1$1 epochs probed by experiment, 
ionization is su&ientIy rapid, so that the rates for ionization and recombination must 
balance: 

nZa(T) = wsf(~+50~ c ) w +-s 
where n, is the free electron number density [assumed cqgat to the free proton znt.r&& 
dcnsityj; a(T) is the thermally averaged recombination cod%& [7] which is ody IQ&~ 
temperature dcpcndcnt, and (n.vc&)c ii the ionization rate intcgkted over the photon 
distribution. So to determine map, we must determine the cleetron density and tem- 
perature cxtd photon distribution. If we fixus our attwtion & the regime after most of 
the ionization hcs occurred, then the electron density will simpIy equal the difJksc baryon 
number density, 9&B. Before any &&ring has taken place, TZg is equal to the primordial 
baryon density, which is severely constrained by big bang nucleosynthcsis [8]; to (L good 
apprtition, thcn, n= =1.4 xlb-'(l+z)S cm- S. The photon spectrum coming from a 
decaying neutrino can be calculated [9]; in the absence of absorbtion, it is: . 

% n,(t) Eli2 -=- 
dE JqZ)T @42)“/ @(mv’2 - E, (2) 

where n,, is the decaying ncutrino number density, 115(1+ s)~ crnes and H(z) = Hc(1 + 

4 3/2 ia the matter domina ted, flat Universe under considcrstion. We CLLP cnalytically 
intcgratc the ionization cmsk s&ion weighted by this distribution since in this-regime, the 
cto6& sectian is -ply p&m&crizcd by mom = 6.3 x lQ.-ls(ec/E)s cm2.. Thcrcforc, the 
ionzstion rate is:. 

(n+q-)c = 4.4 X 10-l’ 
(14 2)3/c 

mh [ 
$‘$f - --f& s=% 

1 

whm ~24 3 7/102’ set and rn27.2 = - mJ(2tc). Note that as mu/2 goes to es (rn27.2 + I), 
the number of ionizing photonz goes to zero, since ltlmost immcdiutcly &cz produced, a 
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photon redshifts (Lpd no longer contributes to the ionizing flux. The onIy remainips un- 
known in Eq. (1) is the electron temperature. In a companion papcr [lo} , we set up and 
solve the BoItc&nn equations to determine T(x); we Snd that in this late epoch the ck- 
tron tunperature du very IittIc; typical values are between 1000 - SOOORT. Normaking 
to the middle of this range, we find that 

nHr = 4.1 x 10’f8(l + r)@~2~24ha3000 $‘a’ cH3, 
m27.2 -1 

(4 

where a3000 z a(T)/a(3OOOK). Due to recombination, the rcmnaut neutral hydrogen 
density scaIes as (1 + z)@/~, not simply cc (1 + 2)‘. 

This expression for nHI is valid onIy as long cs the assumed form for the photon 

sp=t-, Eq. (2), isvalid. But Eq. (2) W(LB derived assuming no abcorbtion, i.e. assuming 
that aII photons produced travel freely through the Universe. In fsct the probubility that 

a-photon produced at epoch z with energy &/2 wiII be absorbed is simpfy. 

If WC t&c Eq. (4) for nH1, the intc&I bctxnncs trivial and 

whcrc the epoch of ionization is d&d M 

Pctcrk t&-wtiy & 2-s. 4&]- Ill]. The upper limit on the Bktimc is CIckmkd by 
requiring that nH& = 4.1) ia It-m t4uu the obscrvcd upper boun& Nutc that. cvcn for 
lifk&uc6 larger than thi6 upper bound, the %ivcrsemuy atill bc &ko& compIctcIy -m 
it is the QnaII” remnant Icvd of riwr due to rccombiuations th& wmc into co&i& v&h 
observations. 
Photon Spectrum. Mess uremcnt af the di&sc photon flux, 10, can a&be used to constrain 
and uItimatdy test the DDM sccncrio. 
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The photon&c today due to the decaying neutrinos is IO = (c/4r)&dnl/dE. dn,/dE 
is given in Eq+< (2), but we must modi@ this expression to account for damping. The 
damping f&to&-though, is && c-~(~~), where P(~B) is the probability [calculated in 
Eq. (S)] that a photon emitted at 1 + s:s will be absorbed, and 2~ is the epoch at which 
a photon with energy I3 today was emitted. Clearly, 1 + zs = (nr,/%)/B, so the photon 
flux today is 

IO = 
8.6 x 10’ 714h ( (mf,2))l’2 wrp { -(1mui21$; + “)J3} ~4~~~4~~4~ (8) 

This expression holds only ~IJ long as Eqs. (4) and (0) are valid; that is, as long as 
4 > (m&3)/(1 + a), For E < (7~&)/(1+ a), corresponding to photons created while 
the universe was still opaque, the flux is essentially zero, as all of these photons were 
absorbed by. neutral hydrogen atoms. 

This prediction of the DDM scenario is most directly confronted by observation of 
the d&se UV background. In Figure 2, we plot the predicted photon spectrum today 
for 3 sets of parameters. Although the spectrum has been calculated numerieslIy [&Q], 
the analytical expressions discussed here are accurate approximations of the exact resu@z. 
Many groups have attempted to measure the W background [12]; the data point&&n .P 
Figure 2 are upper limits on the eztragalactic component of the meam~cd ftwc f&ma s&e 
recent observations. There is some disagreement both on the data and its interpretation 
among the various groups. Hurwits et CJ. [12] concluded that most of the background 
can be attributed to galactic processes, predominantly scattering by dust. Their upper 
limits on the extragalactic componenet are the most restrictive and kere used in Fig. 1 
(dashed line). At the other extreme, Murthy et. ~2. [12] find no correlation with Galactic 
variables; the upper limits horn their data are accordingly much less restrictive and have 
also been included in Fig. 1 (dotted l&e). The former limits leave open only a small 
region of parameter space and rule out S&ma’s preferred values of my = 28.9 f l.leV 
and7 = ,2 f 1 x 1022sec. The latter limits do not exclude these values, but even modest 
improvements in the limits would rule them out. Data fkom the A&o-l mission [13] and 
from IUE [14] may have already done so, though one cannut discount the possibility of 
absorption by a &oud of gas along the line of sight. We would like to stress however that 
even if these ~M&S are t&m at face value, they rule out only massea smallex than 32.leV 
and h&time. ILZS tlma 3 X’ lO%ee. Gunn-Peterson data still allow a larger parameter 
space, which S&k bz tezted by improved measurements of the diBssz W background, 

The peculiar signature of the DDM scenario is evident in the irkred (IR) portion 
of the spectrum. It is in thiz region that the &ects of reionization can .be observed. In 
Figure 3 we have plotted the predicted photon flux in the IR. If neutrino decay were the - 
only source of photons, the IR spectrum would have a sharp cutoff at (ncJZ)/(l + y). 
Azide from the decay photons, however, it is necessary to klude the Lynx photons, as welL 
Recombination to excited states results in electrons which cascade down to the 2p state., 
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to the ground state with the emission of a Lya photon, at e, s 10.2eV. (We have ignored 
the relatively small contribution of photons which decay by two photon emission from the 
2s state.) At emq$es between so/(1 + 2;) and (m,/2)/(1+ zc), the Lya radiation provides 
the dominant contribution. The net result is that there are two pronounced spikes in the 
spectrum: at (m,/2)/(l+t;) and at e-/(1 +zi). For the Gunn-Peterson aUowed parameter 
space, these bumps occur in the 1 - 3 micron range. Unfortunately, this is a notoriously 
difficult band in which to do astronomical observations because of the redness of the night 
sky. The current upper limits on the IR background are provided by DIRBE [15] and are 
several orders of magnitude away. However, with improved modelling to discriminate the 
true extragrrtactic background fkom galactic sources, these limits shoutd be greatly reduced 
over the next few years. 

In conchxsion, we have anaIyzed the DDM solution to the reionization problem and 
calculated its obervable predictions, the remnant neutral hydrogen density and the diffuse 
photon flux, 88 a function of the two u&red parameters of the theory: the mass and lifetime 
of the decaying particle. Improved data from Gunn-Peterson tests and ftom observations 
of the photon bachground are converging to test the allowed parameter space. 
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Figure Captions 

1. The ahowed values of m, and r in the DDM scenario. The solid line represents the 
upper limit on T coming from Gunn-Peterson tests. The dashed and dotted lines are lower 
limits on T from observations of the d&se W baehground. Region A is aRowed by aB 
UV observations. Region B is aRowed by a less restrictive set of observations. See text for 
discussion. 

2. Today’s UV flux predicted in the DDM scenario as a function of wavelength for 3 sets 
of parameters: S&ma’s preferred vahxes of m, = 28.9eV and v = 2 x 10’ssec (solid line), 
m, = 32eV and v = 8 x 10sssec (dotted line), and my = 35eV and T = 2 x 1Ossaec (dashed 
line). The data points are obaervationd upper limits on the extragdactic component of 
the UV bachground. 

3. Today’s IR flux predicted in the DDM scenario as a iknction of wavelength for the 
same parameters as in Figure 2. The current obervationd upper limits rue still a few orders 
of magnitude above prediction, but new COBE data should bring these limits down. 
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